Abstract -THz Bragg gratings were fabricated by using CO 2 laser inscription. The simulated and experimental results demonstrate potential of such gratings in paper thickness monitoring, with experimental spectral sensitivities of ~ -0.67 GHz / 10 µm.
I. INTRODUCTION
Terahertz (THz) waves offer unique opportunities that are not available at other wavelengths. Firstly, THz radiation is nonionizing, which can be employed for safe imaging. Secondly, many materials, such as ceramic, plastic, and paper-based materials are relatively transparent for THz radiation. Hence, innovative security and quality-control applications are envisioned by utilizing THz technology.
The recent advances in THz technology and instrumentation require low-loss, low-dispersion waveguides that serve as fundamental building blocks for advanced sensor and monitoring systems. One of the simplest examples of a low-loss THz waveguide is a subwavelength step-index plastic fiber [1] . In such fibers, a large fraction of the modal power is found outside of the fiber core, which not only significantly reduces the transmission losses, but also makes such fibers a promising platform for sensing applications. Recently, several resonant THz components, such as THz fiber Bragg gratings (TFBG) [2] were fabricated using laser inscription on subwavelength fibers. Very precise, however, expensive excimer laser system was used for laser inscription.
In this work, we demonstrate fabrication of TFBGs using an economic CO2 laser inscription system. Optical response of such gratings and their application in sensing was studied theoretically using GratingMOD module from RSoft Design Group. We then used fabricated TFBGs to build a sensor for monitoring paper fabrication parameters such as thickness, which is an important industrial problem [3] .
II. FABRICATION AND MEASUREMENT OF TFBG
The low density polystyrene (LDPE) has a relatively low material loss (~0.2 cm -1 ) and almost constant refractive index (RI) of 1.543 in the 0.2-0.5 THz region studied in this work [1] . The subwavelength step-index fiber with a diameter of 400 µm was drawn in-house from the LDPE rod. The TFBG was inscribed point-by-point on a 5 cm-long piece of the stepindex fiber using a class IV Synrad CO2 laser operating at 10.6 µm with average output power of 1.5 W and repetition rate of 20 kHz. The TFBG presented in this report consists of 48 notches that are ~110 µm-deep and ~170 µm-wide (see Fig. 1 ). Grating period is 340 µm, and the total length of the grating is 17 mm. 
III. EXPERIMENTAL RESULTS
The TFBG transmission spectra were recorded using a THz-time domain spectroscopy (TDS) setup modified for fiber measurements. In our studies we used ~600 ps-long scans that resulted in spectral resolution of ~1.5 GHz. A ~4 GHz-wide stop band (Full Width at Half Maximum, FWHM) at ~375 GHz and ~15 dB transmission loss in the middle of a stop band were observed (see Fig. 2(a) ). Similar to the fiber Bragg gratings in the near-IR, spectral position and shape of the TFBG transmission peak are found to be sensitive to changes in the environment, which opens an opportunity for their use in sensing and monitoring.
We then studied application of thus created TFBG for monitoring changes in the paper thickness. Particularly, various number of 60 μm-thick sheets of Origami paper (RI~1.43, bulk absorption loss ~4 cm -1 ) were placed directly under the grating (see Fig. 1 (c) and (d) ). The paper sheets were of the same width as the grating region (17 mm). By putting more layers of the Origami paper, position of the transmission dip shifted proportionally to the paper thickness from 373.4 GHz to 357.3 GHz (see Fig. 2 (b) ). This behaviour is a simple manifestation of increase in the TFBG modal effective refractive index n e due to presence of paper in the grating vicinity. Higher modal refractive index results in longer Bragg wavelength as λ B =2n e Λ. Hence, the grating peak shifts to lower frequencies for thicker paper stacks. 
IV. SIMULATION RESULTS
Theoretically, TFBG transmission spectra were modeled using the GratingMOD (RSoft Design Group) software module, which is based on the Coupled-Mode Theory and the transfer matrix method. The geometrical model of the TFBG is simply a solid cylinder with multiple annular indentations that represent notches (see Fig. 1 (b) ). The cross section of the notches is shown in Fig.1 (b) , which is an intersection of the two rods (black dash curves) with diameters of 400 µm and center-to-center distance defined as depth of the notch. An enlarged 3D geometrical model of one period is also given in Fig. 1(d) . The geometrical parameters such as width and depth of the notches were measured from the Bragg grating micrographs like the one presented in Fig. 1(a) . Forty-eight grating periods were simulated with a period of 340 µm, notch depth of 110 µm and notch width of 170 µm were simulated.
We model changes in the transmission spectrum of TFBG by introducing a slab of paper of variable thickness in direct contact with TFBG (see Fig. 1(d) ). Using the values of the Origami paper refractive index and paper thickness mentioned earlier, we obtain the desired TFBG transmission curves (see Fig. 3(a) ). We note that TFBG transmission dip shifts toward lower frequencies 373.8 GHz to 356.3 GHz (longer wavelengths) as paper thickness increases from 60 µm to 240 µm (see Fig. 3(a) ). Comparisons between modeling and experimental results show very good correspondence in the center peak position (see Fig. 3(b) ). The experimental spectral sensitivity of ~ -0.67 GHz/10 µm is somewhat smaller than the the simulated one, which is ~ -0.73 GHz/10 µm. With a current THz setup that offers 1.5 GHz resolution, we can, thus, reliably detect ~20 µm variations in the paper thickness. 
IV. CONCLUSION
In this work, TFBGs with 48 periods have been inscribed on subwavelength step-index fibers using CO 2 laser engraving. Resulting fiber Brag grating demonstrated ~4 GHz-wide stop band and ~15 dB transmission loss in the middle of a stop band. Thus created TFBGs were then applied to detection of changes in the thickness of a paper sheet that was placed in direct contact with a TFBG. Experimental spectral sensitivities of ~-0.67 GHz / 10 µm were demonstrated. With a current THz setup that offers 1.5 GHz resolution (600ps traces), we can, thus, reliably detect ~20 µm variations in the paper thickness. Also, good agreement has been achieved between experimental results and numerical simulations.
